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Abstract
Motivated by non-zero neutrino masses and the possibility of New Physics discovery, a number
of experiments search for neutrinoless double beta decay. While hunting for this hypothetical nu-
clear process, a significant amount of two-neutrino double beta decay data has become available.
Although these events are regarded and studied mostly as the background of neutrinoless double
beta decay, they can be also used to probe physics beyond the Standard Model. In this paper we
show how the presence of right-handed leptonic currents would affect the energy distribution and
angular correlation of the outgoing electrons in two-neutrino double beta decay. Consequently,
we estimate constraints imposed by currently available data on the existence of right-handed neu-
trino interactions without having to assume their nature. In this way our results complement the
bounds coming from the non-observation of neutrinoless double beta decay as they limit also the
exotic interactions of Dirac neutrinos. We perform a detailed calculation of two-neutrino double
beta decay under the presence of exotic (axial-)vector currents and we demonstrate that current
experimental searches can be competitive to existing limits.
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I. INTRODUCTION
Double beta decay processes are sensitive probes of physics beyond the Standard Model
(SM). The SM process of two-neutrino double beta (2νββ) decay is among the rarest pro-
cesses ever observed with half lives of order T 2νββ1/2 ∼ 1019 yr and longer [1]. Neutrinoless
double beta (0νββ) decay, with no observation of any missing energy, is clearly the most
important mode beyond the SM as it probes the Majorana nature and mass mν of light neu-
trinos, with current experiments sensitive as T 0νββ1/2 ∼ (0.1 eV/mν)2×1026 y. In general, it is
a crucial test for any New Physics scenario that violates lepton number by two units [2–4].
While 0νββ decay is the key process, experimental searches for this decay also provide a
detailed measurement of the 2νββ decay rate and spectrum in several isotopes. For example,
Kamland-Zen measures the 2νββ decay spectrum in 136Xe with a high statistics [5], but can
only do with respect to the sum of energies of the two electrons emitted. On the other hand,
the NEMO-3 experiment with the technology to track individual electrons can measure the
individual electron energy spectra and the opening angle between the two electrons. This
has yielded detailed measurements of the 2νββ decay spectra of 96Zr [6], 150Nd [7], 48Ca [8],
82Se [9] and especially 100Mo [10], the latter with a very high statistics containing ≈ 5× 105
2νββ decay events. Such measurements are important for the interpretation of 0νββ decay
searches as it can shed light on the value of the effective axial coupling gA [11].
The high precision of 2νββ decay measurements, expected to continue as the experimental
exposures are increased to push the sensitivity of 0νββ decay searches, begs the question
whether 2νββ decay events can be directly used to search for New Physics beyond the SM.
This is the focus of this work. We model such new physics effects through effective charged-
current operators of the form GF (e¯O1ν)(u¯O2d) with Lorentz structures O1, O2 other than
the SM V −A type. Here, the Fermi constant GF is introduced and the small dimensionless
coupling  encapsulates the New Physics effects.
Exotic charged-current operators of the above form are being searched for in nuclear,
neutron β and pion decays as well as collider searches [12], giving rise to limits of the order
 . 10−4 − 10−2, depending on the Lorentz structure and chirality of the fields involved.
In this paper, we will specifically concentrate on exotic right-handed vector currents. Such
operators prove difficult to constrain as interference with the SM contribution is suppressed
by the light neutrino masses. They are nevertheless of strong theoretical interest as their
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FIG. 1. Feynman diagrams for ordinary 2νββ decay via the second-order transition through the
SM V −A interaction with strength given by the Fermi constant GF (left), a transition involving
one exotic interaction XRGF with a V + A lepton current of the form (e¯RO1ν)(u¯O2d) (center)
and a second-order transition through the same exotic interaction (right).
observation, along with the non-observation of lepton number violation would indicate that
neutrinos are not Majorana fermions. This is because right-handed currents with neutrinos
but in the absence of a sterile neutrino state would necessarily violate lepton number.
II. EXOTIC CHARGED-CURRENT INTERACTIONS
We are interested in processes where right- and left-handed electrons are emitted consid-
ering, as a first approach, only (V +A) and (V −A) currents. The effective Lagrangian can
then be written as
L = GF cos θC√
2
(
(1 + δSM + LL)j
µ
LJLµ + RLj
µ
LJRµ + LRj
µ
RJLµ + RRj
µ
RJRµ
)
+ h.c., (1)
with the tree-level Fermi constant GF , the Cabbibo angle θC , and the leptonic and hadronic
currents jµL,R = e¯γ
µ(1 ∓ γ5)ν and JµL,R = u¯γµ(1 ∓ γ5)d, respectively. The SM electroweak
radiative corrections are understood to be encoded in δSM and the XY encapsulate new
physics effects. We here concentrate on the latter two operators with right-handed lepton
currents as they are expected to change the 2νββ decay kinematic spectra more significantly.
Extensions of the above set of operators can be considered; for example, currents other than
vector and axial-vector can be included [13] and further, exotic particles may participate [14].
In Eq. (1), ν is a 4-spinor field of the light electron neutrino, either defined by ν = νL+ν
c
L
(i.e. a Majorana spinor constructed from the SM active left-handed neutrino νL and its
charge-conjugate) or ν = νL + νR (a Dirac spinor constructed from the SM νL and a new
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SM-sterile right-handed neutrino νR). Whether the light neutrinos are of Majorana or Dirac
type and whether total lepton number is broken or conserved is of crucial importance for an
underlying model but as far as the effective interactions in Eq. (1) are concerned, this does
not play a role in our calculations. If the neutrino in Eq. (1) is a Majorana particle, the
operators associated with LR and RR violate total lepton number by two units and they will
give rise to extra contributions to 0νββ decay [15]. In this case, severe limits are set by 0νββ
decay searches of the order LR . 3× 10−9, RR . 6× 10−7 [2]. On the other hand, if there
exists a sterile neutrino Weyl state νR that combines with νL to form a Dirac neutrino, the
right-handed current interactions in Eq. (1) do not necessarily violate lepton number which,
in fact, can remain an unbroken symmetry of the underlying model. For example, such
effective interactions can emerge in Left-Right symmetric models [16] with unbroken lepton
number [17]. The observation of the effect of right-handed neutrino operators without the
observation of lepton number violation would thus suggest that neutrinos are Dirac fermions.
The most stringent direct limits on the above operators for process energies E ≈MeV are
set by fitting experimental results of neutron and various nuclear single β decays, LL, RL .
5× 10−4, LR, RR . 6× 10−2 [12, 13]. The limits on the right-handed neutrino currents are
much less severe due to the absence of an interference with the SM contribution. Searches
at the Large Hadron Collider (LHC) for single electron and missing energy signatures [18],
pp → eX + MET, may also be used to constrain the above operators, LL . 4.5 × 10−3,
RR . 2.2 × 10−3 [19]. While the constraints are stringent and the sensitivity is expected
to improve to LL ≈ 10−5 [20], the LHC operates at a much higher energy and the effective
operator analysis is only applicable if the new physics mediators integrated out are much
heavier than this. More model-dependent limits can also be set by direct searches for
right-handed current mediators at the LHC [21], from considerations of sterile neutrino
thermalization and the resulting increase of the effective number of light degrees of freedom
in the early universe and supernova cooling. The associated new physics scales probed range
between Λ ≈ 5− 20 TeV, corresponding to XY ≈ 5× 10−4− 5× 10−5. An indirect limit on
LR can be set from the fact that the associated operator contributes to the Dirac neutrino
mass at the second loop order [22]. Using current direct neutrino mass bounds this results
in LR . 10−2 [23].
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III. DECAY RATE AND DISTRIBUTIONS
We have calculated the differential rate of 2νββ decay under the presence of the exotic
interactions in Eq. (1). Because 2νββ decay is possible in the SM, arising in second order
perturbation theory of the first term in Eq. (1), interference between SM and exotic con-
tributions is in principle possible. In general, the amplitude of 2νββ decay is calculated as
a coherent sum of the Feynman diagrams in Fig. 1. To lowest order in XR, exotic effects
occur arising from the interference of the SM diagram Fig. 1 (left) and the diagram in the
center. Due to the right-handed nature of the exotic current, such an interference is helicity
suppressed by the masses of the emitted electron and neutrino as memν/Q
2, with the 2νββ
decay energy release Q. For light eV-scale neutrinos it is thus utterly negligible.1 Contribu-
tions to second-order ∝ 2XR come from the center diagram and the interference of the SM
contribution (left) with the second-order exotic diagram (right). The latter is suppressed
even more strongly by the neutrino mass and thus negligible. To lowest order in the exotic
coupling, the squared matrix element for ground state to ground state 2νββ transition can
thus be written as the incoherent sum
|R2ν |2 = |R2νSM|2 + |XR|2|R2ν |2, (2)
where R2νSM is the matrix element for standard SM 2νββ decay and R2ν is the exotic contri-
bution. As discussed in the Appendix, the latter may be expressed as
R2ν = i
(
1√
2
)2(
GF cos θW√
2
)2
[1− P(e1, e2)][1− P(ν¯1, ν¯2)]
× [ ψ(pe1)γµ(1 + γ5)ψc(pν¯1) ψ(pe2)γν(1− γ5)ψc(pν¯2)
+ ψ(pe1)γ
ν(1− γ5)ψc(pν¯1) ψ(pe2)γµ(1 + γ5)ψc(pν¯2)
]
×
(
gµ0gν0 g
2
VMF ∓
1
3
gµkgνk g
2
AMGT
)
, (3)
where ψ(pf ) is the wave function of the emitted fermion f with momentum pf and we
consider here the commonly used approximation of the S1/2 wave evaluated at the nuclear
surface. The nuclear matrix elements between the initial 0+i , the intermediate 0
+
n (1
+
n )
and the final 0+f states of the nucleus are generally of Fermi (Gamow-Teller) type with the
1 This is not necessarily the case if currents other than V ±A vector currents are considered in Eq. (1).
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associated nucleon-level vector (effective axial-vector) coupling gV (gA),
MF =
∑
n
〈0+f |
∑
j τ
+
j |0+n 〉〈0+n |
∑
k τ
+
k |0+i 〉
∆En(0+n ) + Ee2 + Eν¯2
,
MGT =
∑
n
〈0+f |
∑
j τ
+
j σj|1+n 〉 · 〈1+n |
∑
k τ
+
k σk|0+i 〉
∆En(1+n ) + Ee2 + Eν¯2
. (4)
The summations are over all intermediate 0+n , 1
+
n states and all nucleons j, k inside the
nucleus where τ+j,k is the isospin-raising operator transforming a neutron into a proton and
σj,k represents the nucleon spin operator. Assuming isospin invariance, the Fermi matrix
elements vanish. The energy denominators arise due to the second-order nature of the above
matrix element where ∆En(J
pi
n ) = En(J
pi
n ) − Ei (Jpin = 0+n and 1+n ) are the energies of the
intermediate nuclear states with respect to the initial ground state. Overall energy conserva-
tion is implied, Ei = Ef +Ee1 +Ee2 +Eν¯1 +Eν¯2 , and, as indicated by the particle exchange
operator P(a, b), the matrix element is anti-symmetrized with respect to the exchange of
the identical electrons and antineutrinos (the corresponding anti-symmetrization over the
nucleons is implicitly included in the nuclear states).
Following Ref. [11], the calculation of the 2νββ decay rate and distributions is detailed
in the Appendix. We use nuclear matrix elements in the QRPA formalism from Ref. [11]
assuming isospin invariance with MF = 0 and including higher order corrections from the
effect of the final state lepton energies. Because of MF = 0 and negligible SM – exotic
interference effects, the calculations for LR and RR are identical; both cases yield the same
rates and distributions. As a result, we calculate the full differential 2νββ decay rate in
a given 0+ → 0+ double beta decaying isotope with respect to the two electron energies
0 ≤ Ee1,e2 ≤ Q+me and the angle 0 ≤ θ ≤ pi between the emitted electrons, which may be
written as
dΓ2ν
dEe1dEe2dcos θ
=
Γ2ν
2
dΓ2νnorm
dEe1dEe2
(
1 + κ2ν(Ee1 , Ee2) cos θ
)
. (5)
Because interference effects between the SM and the right-handed current diagram are neg-
ligible, the differential rate is simply the incoherent sum of both. Specifically, for 100Mo the
total decay rate Γ2ν = ln 2/T 2ν1/2 associated with the 2νββ half-life T
2ν
1/2 may be approximated
as Γ2ν ≈ Γ2νSM(1 + 6.11 2XR), where Γ2νSM is the SM rate, see Eq. (A.42) and the discussion
leading up to it in the Appendix. The experimentally accessible kinematic information is
contained in the normalized double-differential energy distribution dΓ2νnorm/(dEe1dEe2) and
6
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FIG. 2. Left: Normalized 2νββ decay distributions with respect to the total kinetic energy
EK = Ee1 + Ee2 − 2me of the emitted electrons for standard 2νββ decay through SM V − A
currents (dashed) and a pure right-handed lepton current (solid). Right: Normalized 2νββ decay
distributions with respect to the energy of a single electron in the same scenarios. Both plots are
for the isotope 100Mo and the energies are normalized to the Q value. The bottom panels show
the relative deviation of the exotic distribution from the SM case.
the energy-dependent angular correlation −1 < κ2ν(Ee1 , Ee2) < 1. The latter determines
whether the two electrons are preferably emitted back-to-back (κ2ν ≈ −1), in the same
direction (κ2ν ≈ 1) or in intermediate configurations. Both functions are plotted in the
Appendix for the isotope 100Mo, comparing the SM prediction with that of an exotic right-
handed interaction contribution.
Given the uncertainties in nuclear matrix elements, the change of the total decay rate
due to the presence of a right-handed current contribution is not expected to be measurable.
Instead, differences in spectral shape of either the energy or angular distributions may
be more sensitive. All double beta decay experiments measure the spectrum of events
with respect to the sum of the electron kinetic energies, EK = Ee1 + Ee2 − 2me. For
100Mo, it is shown in Fig. 2 (left), comparing the 2νββ decay distributions in the SM case
(dashed) and for the exotic leptonic right-handed current operators (solid). The deviation
is sizeable leading to a shift of the spectrum to smaller energies and a flatter profile near
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the endpoint EK/Q = 1. We find that relative deviations of the order of 10% for small
energies and near the endpoint are expected to occur. In experiments that are able to track
and measure the individual electrons, such as NEMO-3 and SuperNEMO, the full doubly-
differential energy spectrum shown in Fig. A.1 in the Appendix is in principle measurable.
Alternatively, the spectrum with respect to the kinetic energy of a single electron is shown
in Fig. 2 (right). It helps explain the shift of the energy sum spectrum in the exotic case as
each electron receives on average less energy than in the SM case.
This behaviour can be traced to the kinematic differences. In the presence of a right-
handed lepton current in 2νββ decay, the electrons are preferably emitted collinearly and the
energy-dependent correlation factor is always κ2ν > 0 whereas in the SM case the electrons
are preferably emitted back-to-back with κ2νSM < 0, cf. Fig. A.2 in the Appendix. Integrating
over the electron energies one arrives at the angular distribution,
dΓ2ν
dcos θ
=
Γ2ν
2
(
1 +K2ν cos θ
)
, (6)
with the angular correlation factor K2ν . For 100Mo, we calculate K2νSM = −0.63 in the SM
and K2ν = +0.37 for the exotic contribution. This deviation is clearly the most striking
consequence of a right-handed lepton current on 2νββ decay. The general dependence of
K2ν on XR is displayed in Fig. A.4 of the Appendix. In the limit XR  1, the angular
correlation factor K2ν under the presence of the SM and an exotic right-handed current is
given by
K2ν ≈ K2νSM + α 2XR. (7)
For 100Mo, the coefficient α turns out to be α ≈ 6.1. Despite the small correction expected if
XR ≈ 10−2 as indicated in current bounds, searches for 2νββ decay can be sensitive in this
regime. A simple signature is to look for the forward-backward asymmetry A2νθ , comparing
the number of 2νββ decay events with the electrons being emitted with a relative angle
θ < pi/2 and θ > pi/2,
A2νθ =
Nθ>pi/2 −Nθ<pi/2
Nθ>pi/2 +Nθ<pi/2
=
1
2
K2ν . (8)
As shown, the asymmetry is simply related to the angular correlation factor K2ν and it is
clearly independent of the overall 2νββ decay rate. Considering only the statistical error,
with Nevents = 5 × 105 2νββ decay events at NEMO-3, the angular correlation coefficient
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should be measurable with an uncertainty K2νSM = −0.63± 0.0027. No significant deviation
from this SM expectation should then constrain XR . 2.7× 10−2 at 90% confidence level.
This would already improve on the single β decay constraint of 6×10−2 [13]. If an experiment
such as SuperNEMO were able to achieve an increase in exposure by three orders of magni-
tude, the expected future sensitivity, scaling as 1/
√
Nevents, would be XR . 4.8×10−3. This
only gives a very rough order of magnitude estimate and a dedicated experimental analysis
is required to verify the sensitivity. For example, at NEMO-3 and SuperNEMO, detector
effects will result in a reduced acceptance for small electron angles [10, 24].
As detailed in the Appendix, our results were calculated within the nuclear structure
framework of the pn-QRPA with partial isospin restoration [11]. We nevertheless expect no
significant difference for the angular correlation in other nuclear matrix element calculations
as it is largely insensitive to the nuclear part of the amplitude. On the other hand, as can
be seen in Fig. 2 (right), the effect of right-handed currents is similar to that of varying the
contribution of intermediate nuclear states as described in [11]. Compare for example with
Fig. 4 in [10], which exhibits a similar variation for small electron energies near the peak,
depending on single state dominance (SSD) vs. higher state dominance (HSD) modelling of
the intermediate nuclear state contributions. This has the benefit that experimental searches
for these effects, such as described in [5, 10, 25], could be adapted to our scenario.
IV. CONCLUSIONS
Nuclear double beta decay with the emission of two neutrinos and nothing else was
proposed over 80 years ago [26] as a consequence of the Fermi theory of single β decay. Its
main role for particle physics has largely been confined to being an irreducible background
to the exotic and yet unobserved lepton number violating neutrinoless (0νββ) mode. We
have demonstrated here, for the first time to our knowledge, that 2νββ decay may be used in
its own right as a probe of new physics. Our result shows that searches for deviations in the
spectrum of 2νββ decay can be competitive to existing limits. This provides a motivation
to utilize the already large set of observed 2νββ decay events to probe exotic scenarios. The
number of events will necessarily increase in the future by one to two orders of magnitude,
as 0νββ decay is being searched for in future experiments.
We have here focussed on the case of effective operators with right-handed chiral neutrinos
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where the interference with the SM contributions is negligible due to the suppression by the
neutrino mass. The exotic contribution to observables is therefore proportional to the square
of the small New Physics parameter. As a result, such operators are comparatively weakly
constrained. They still play an important role in our understanding of neutrinos as the
right-handed nature can be accommodated in one of two ways: (i) through the right-chiral
part of the SM neutrino as a Majorana fermion in which case the associated operators will
also induce the lepton number violating 0νββ decay mode at a level that is already ruled
out; or (ii) through the presence of a separate right-handed neutrino state that, while sterile
under the SM gauge interactions, participates in exotic interactions beyond the SM. In the
latter case, neutrinos are expected to be Dirac fermions and the observation of right-handed
neutrino currents while the lepton number violating 0νββ decay is not observed would
indicate this scenario.
If other operators such as scalar currents are considered, interference can be sizeable and
even larger effects may be seen, although existing limits such as those from single β decay
are expected to be more restrictive as well. As we have demonstrated in the example of
exotic right-handed vector currents, while the search for 0νββ decay and thus the Majorana
nature of neutrinos is the main motivation, the properties of the second-order SM process
of 2νββ decay can also contain potential hints for New Physics.
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A. CALCULATION OF TWO-NEUTRINO DOUBLE BETA DECAY
The 2νββ decay rate can be calculated using the expression [27]
dΓ = 2piδ(Ee1 + Ee2 + Eν¯1 + Eν¯2 + Ef − Ei)
∑
spins
|R2ν |2 dΩe1 dΩe2 dΩν¯1 dΩν¯2 , (A.1)
where Ei, Ef , Eei =
√
p2ei +m
2
e and Eν¯i =
√
p2ν¯i +m
2
ν (i = 1, 2) denote the energies of initial
and final nuclei, electrons and antineutrinos, respectively. The magnitudes of the associated
spatial momenta are pei = |pei | and pν¯i = |pν¯i | and me and mν denote the electron and
neutrino masses. The phase space differentials are dΩe1 = d
3pe1/(2pi)
3, etc.
After integrating over the phase space of the outgoing neutrinos, the resulting differential
2νββ decay rate can be generally written in terms of the energies 0 ≤ Ee1 , Ee2 ≤ Q+me of
the two outgoing electrons, with Q = Ei − Ef − 2me, and the angle 0 ≤ θ ≤ pi between the
electron momenta pe1 and pe2 as [27]
dΓ2ν
dEe1dEe2dcos θ
= c2ν
(
A2ν +B2ν cos θ
)
pe1Ee1pe2Ee2 , (A.2)
where
c2ν =
G4βm
9
e
8pi7
, (A.3)
with Gβ = GF cos θC (GF is Fermi constant and θC is the Cabbibo angle).
The quantities A2ν and B2ν in Eq. (A.2), generally functions of the electron energies, are
determined by integrating over the neutrino phase space
A2ν =
∫ Ei−Ef−Ee1−Ee2
mν
A2ν pν¯1Eν¯1 pν¯2Eν¯2 dEν¯1 ,
B2ν =
∫ Ei−Ef−Ee1−Ee2
mν
B2ν pν¯1Eν¯1 pν¯2Eν¯2 dEν¯1 , (A.4)
where we used Eν¯2 = Ei − Ef − Ee1 − Ee2 − Eν¯1 due to energy conservation. In turn,
the quantities A2ν and B2ν , generally functions of the electron and neutrino energies, are
calculated below using the nuclear and leptonic matrix elements. In the context of our
calculation, they may be expressed as
A2ν = A2νSM + 2 Re(XR)A2νSM + |XR|2A2ν ,
B2ν = B2νSM + 2 Re(XR)B2νSM + |XR|2B2ν , (A.5)
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expanded in terms of the small exotic coupling coefficients RX = RL, RR of the exotic
right-handed currents in Eq. (1) of the main text. Here, we assume that only one exotic
contribution is present at a given time. In the following, we will also take the exotic coupling
coefficient to be real. The zero order terms A2νSM and B2νSM correspond to the standard 2νββ
decay mechanism, cf. Fig. 1 (left) in the main text. The terms A2ν and B2ν quadratic in
XR arise from the exotic 2νββ decay mechanism involving one right-handed vector lepton
current, cf. Fig. 1 (center)2. Finally, the terms A2νSM and B2νSM linear in XR correspond to
the interference between the two mechanisms. Because of the different electron and neutrino
chiralities involved in the standard V − A and the exotic V + A currents, the interference
is suppressed as ≈ mν/Q and for |XR|  mν/Q, the linear terms are negligible. This is
certainly the case for the emission of light active neutrinos with mν . 0.1 eV.
In principle, the chirality of the quark current involved in the considered effective interac-
tion (LR or RR) does affect the resulting 0νββ decay contribution. However, this difference
would manifest only as an opposite sign of the Gamow-Teller part of the amplitude. Hence,
in the well-motivated approximation of a vanishing double Fermi NME, which we will ap-
ply later on, the resulting expressions for the decay rate and the angular correlation of the
emitted electrons will not depend on chirality of the considered quark current. Thus, our
conclusions will be generally applicable to both effective couplings LR and RR, collectively
denoted as RX .
A.1 First-order contribution in the exotic coupling
We here describe the calculation of 2νββ under the presence of exotic right-handed vector
currents. We follow the formalism in [27] and adapt it to our scenario. Considering the
Lagrangian in Eq. (1) of the main text, 2νββ decay occurs at second order of the perturbative
expansion; namely, the matrix element is in general given by
M2ν ≡ 〈e1e2ν¯1ν¯2f |S(2)|i〉 = (−i)
2
2
∫
d4xd4y〈e1e2ν¯1ν¯2f |T [L(x)L(y)] |i〉,
=M2νSM +M2ν + . . . (A.6)
2 There is also a contribution from the interference of the SM diagram and the second-order exotic diagram
in Fig. 1 in the main text, but it is negligible due to neutrino mass suppression.
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and it contains both the SM contribution and the exotic contribution proportional to XR.
Further, T denotes the time-ordered product
T [L(x)L(y)] = Θ(x0 − y0)L(x)L(y) + Θ(y0 − x0)L(y)L(x), (A.7)
and the initial and final states are composed of the decaying nucleus |i〉 and the final nucleus
|f〉 together with the emitted electrons e1,2 and antineutrinos ν¯1,2. The integrations are over
the space-time coordinates x and y of the two interactions involved.
We here concentrate on the case with one SM interaction and one exotic right-handed
interaction. The matrix element can then be expressed as
M2ν = (−i)2
(
1√
2
)2(
Gβ√
2
)2
XR[1− P(e1, e2)][1− P(ν¯1, ν¯2)]
×
∫
d4xd4y
[
ψ(pe1 , x)γµ(1 + γ5)ψ
c
ν¯(pν¯1 , x)
] [
ψ(pe2 , y)γν(1− γ5)ψc(pν¯2 , y)
]
×
[
Θ(x0 − y0)
∑
n
〈f |JµX(x)|n〉〈n|JνL(y)|i〉+ Θ(y0 − x0)
∑
n
〈f |JνL(y)|n〉〈n|JµX(x)|i〉
]
× [ψ(pe1 , y)γν(1− γ5)ψc(pν¯1 , y)] [ψ(pe2 , x)γµ(1 + γ5)ψc(pν¯2 , x)] , (A.8)
where Gβ = GF cos ΘC and P(a, b) is the permutation operator interchanging the particles
a and b. Further, ψ(p, x) stands for the electron or antineutrino wave function with four
momentum p = (E,p) and position x = (x0,x), J
µ(x)X denotes the nuclear current with
chirality X and |n〉 is the intermediate nucleus state. For calculating the matrix element
of the SM contribution, one would only need to replace in the above expression the right-
handed projector (1 + γ5) in the first lepton current by a left-handed one and follow the
subsequent derivation in an analogous manner.
Writing the time dependence of the wave functions and currents explicitly allows per-
forming the integration over time variables x0 and y0 with the result
M2ν = 2piδ(Ee1 + Ee2 + Eν¯1 + Eν¯2 + Ef − Ei) XR R2ν
= 2piδ(Ee1 + Ee2 + Eν¯1 + Eν¯2 + Ef − Ei) i
(
1√
2
)2(
Gβ√
2
)2
XR
× [1− P(e1, e2)][1− P(ν¯1, ν¯2)]
×
∫
d3xd3y
[
ψ(pe1 ,x)γµ(1 + γ5)ψ
c(pν¯1 ,x)
] [
ψ(pe2 ,y)γν(1− γ5)ψc(pν¯2 ,y)
]
×
[∑
n
〈f |JµX(0,x)|n〉〈n|JνL(0,y)|i〉
En − Ei + Ee2 + Eν¯2
+
∑
n
〈f |JνL(0,y)|n〉〈n|JµX(0,x)|i〉
En − Ei + Ee2 + Eν¯2
]
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× [ψ(pe1 ,y)γν(1− γ5)ψc(pν¯1 ,y)] [ψ(pe2 ,x)γµ(1 + γ5)ψc(pν¯2 ,x)] . (A.9)
Here, Ex denotes the energy of particle x or respective nucleus, and the delta function guar-
anteeing energy conservation and energy denominator appear as a result of the integration
over the time components.
Now we employ two approximations. First, we take the non-relativistic expansion of the
nuclear currents,
Jµ(0,x)L/R =
∑
m
τ+m [gV g
µ0 ∓ gAgµkσkm] δ(x− xm), (A.10)
where we ignored the induced currents for their negligible contribution. Here, gV and gA
are the vector and effective axial-vector coupling constants, respectively. Second, for the
purpose of a factorization of nuclear matrix elements and phase space integral calculation
we assume a standard approximation in which lepton wave functions are replaced with their
values ψ(p) = ψ(p,R) at the nuclear surface. For a 0+ → 0+, ground state to ground state,
transition we get
R2ν = i
(
1√
2
)2(
Gβ√
2
)2
[1− P(e1, e2)][1− P(ν¯1, ν¯2)]
× [ ψ(pe1)γµ(1 + γ5)ψc(pν¯1) ψ(pe2)γν(1− γ5)ψc(pν¯2)
+ ψ(pe1)γ
ν(1− γ5)ψc(pν¯1) ψ(pe2)γµ(1 + γ5)ψc(pν¯2)
]
×
[
gµ0gν0 g
2
V
∑
n
MF (n)
En − Ei + Ee2 + Eν¯2
∓ 1
3
gµkgνk g
2
A
∑
n
MGT (n)
En − Ei + Ee2 + Eν¯2
]
(A.11)
with
MF (n) = 〈0+f |
∑
j
τ+j |0+n 〉〈0+n |
∑
k
τ+k |0+i 〉,
MGT (n) = 〈0+f |
∑
j
τ+j σj|1+n 〉 · 〈1+n |
∑
k
τ+k σk|0+i 〉. (A.12)
The sign of the g2A-proportional part depends on the chirality X of the quark current
appearing in the exotic effective interaction XR – it is negative (positive) for a left-handed
(right-handed) quark current. Further, we specify the angular momentum and parity of the
nuclear states with |0+i 〉, |0+f 〉 denoting the 0+ ground states of the initial and final even-even
nuclei, respectively. The intermediate nucleus states are denoted |0+n 〉 (|1+n 〉) for all possible
14
levels n with angular momentum and parity Jpi = 0+ (Jpi = 1+) with the corresponding
energy En. The isospin-raising operators for a given nucleon j is denoted as τ
+
j , summed
over all nucleons in the initial and final states. Likewise, σj stands for the spin operator of
nucleon j.
By writing out explicitly all terms in Eq. (A.11) we find
R2ν = i
(
Gβ√
2
)2
1
me
×
{
g2VM
K
F
[
ψ(pe1)γ0(1 + γ5)ψ
c(pν¯1) ψ(pe2)γ0(1− γ5)ψc(pν¯2)
+ψ(pe1)γ0(1− γ5)ψc(pν¯1) ψ(pe2)γ0(1 + γ5)ψc(pν¯2)
]
− g2VMLF
[
ψ(pe1)γ0(1 + γ5)ψ
c(pν¯2) ψ(pe2)γ0(1− γ5)ψc(pν¯1)
+ψ(pe1)γ0(1− γ5)ψc(pν¯2) ψ(pe2)γ0(1 + γ5)ψc(pν¯1)
]
∓ 1
3
g2AM
K
GT
[
ψ(pe1)γk(1 + γ5)ψ
c(pν¯1) ψ(pe2)γk(1− γ5)ψc(pν¯2)
+ψ(pe1)γk(1− γ5)ψc(pν¯1) ψ(pe2)γk(1 + γ5)ψc(pν¯2)
]
± 1
3
g2AM
L
GT
[
ψ(pe1)γk(1 + γ5)ψ
c(pν¯2) ψ(pe2)γk(1− γ5)ψc(pν¯1)
+ψ(pe1)γk(1− γ5)ψc(pν¯2) ψ(pe2)γk(1 + γ5)ψc(pν¯1)
]}
, (A.13)
where we define Fermi and Gamow-Teller nuclear matrix elements
MK,LF,GT = me
∑
n
MF,GT (n)
En − (Ei + Ef )/2
[En − (Ei + Ef )/2]2 − ε2K,L
. (A.14)
Here, we conventionally put the electron mass me to make the NMEs dimensionless. The
lepton energies enter in Eq. (A.14) through the terms
εK =
1
2
(Ee2 + Eν¯2 − Ee1 − Eν¯1) , εL =
1
2
(Ee1 + Eν¯2 − Ee2 − Eν¯1) , (A.15)
which range between −Q/2 ≤ εK,L ≤ Q/2. For 2νββ decay with energetically forbidden
transitions to the intermediate states, En − Ei > −me, the quantity En − (Ei + Ef )/2 =
Q/2 +me + (En − Ei) is always larger than Q/2.
We first focus on the leptonic part of the total matrix element. Employing the equivalence
ψ(pe1)γµ(1− γ5)ψc(pν¯1) = ψ(pν¯1)γµ(1 + γ5)ψc(pe1), (A.16)
and the Fierz transformation
ψ(pe1)γµ(1 + γ5)ψ
c(pν¯1) ψ(pν¯2)γν(1 + γ5)ψ
c(pe2)
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=
1
2
ψ(pe1)γσ(1 + γ5)ψ
c(pe2) ψ(pν¯2)γµγ
σγν(1 + γ5)ψ
c(pν¯1), (A.17)
to all four permuted terms in Eq. (A.13), and using the identity γαγµγα = −2γµ one obtains
the reaction matrix element in the following form
R2ν = i
G2β
4
1
me
×
{
g2V (M
K
F −MLF )ψ(pe1)γσψc(pe2) ψ(pν¯1)γ0γσγ0ψcν¯(pν¯2)
− g2V (MKF +MLF )ψ(pe1)γσγ5ψν¯(pe2) ψ(pν¯1)γ0γσγ0γ5ψc(pν¯2)
± 1
3
[
2g2A(M
K
GT −MLGT )
[
ψ(pe1)γ
σψc(pe2) ψ(pν¯1)γσψ
c(pν¯2)
+ ψ(pe1)γ
σψc(pe2) ψ(pν¯1)γ0γσγ0ψ
c(pν¯2)
]
− 2g2A(MKGT +MLGT )
[
ψ(pe1)γ
σγ5ψ
c(pe2) ψ(pν¯1)γσγ5ψ
c(pν¯2)
+ ψ(pe1)γ
σγ5ψ
c(pe2) ψ(pν¯1)γ0γσγ
0γ5ψ
c
ν¯(pν¯2)
]]}
. (A.18)
In the following, we consider the S1/2 spherical wave approximation for the outgoing
electrons, i.e.
ψs(pe) =
 g−1(Ee)χs
f+1(Ee) (σ · pˆe)χs
 , (A.19)
where χs is a two-component spinor, pˆe = pe/|pe| stands for the direction of the electron
momentum and g−1(Ee) and f+1(Ee) are the radial electron wave functions depending on the
electron energy Ee and evaluated at the nucleus’ surface, i.e. at distance R from the centre
of the nucleus. On the other hand, as neutrinos do not feel the electromagnetic potential of
the nucleus, they are considered to be plane waves in long-wave approximation,
ψ(pν) =
√
Eν +mν
2Eν
 χs
(σ·pˆν)
Eν+mν
χs
 . (A.20)
We now take the square of the absolute value of the matrix element in Eq. (A.18), using
the wave functions in Eqs. (A.19) and (A.20), and sum over the spins. After evaluating those
and keeping only the terms which do not vanish when integrating over neutrino momenta,
we are left with a somewhat lengthy expression,∑
spins
|R2ν |2 =
G2β
8
{
g4V (M
K
F −MLF )2
[
4Eν1Eν2E˜e1E˜e2 + 2m˜
2
eEν1Eν2
16
+ 2m2νE˜e1E˜e2 + 4m
2
νm˜
2
e − 2m2ν(p˜e1 · p˜e2)
]
+ g4V (M
K
F +M
L
F )
2
[
4Eν1Eν2E˜e1E˜e2 − 2m˜2eEν1Eν2
− 2m2νE˜e1E˜e2 + 4m2νm˜2e + 2m2ν(p˜e1 · p˜e2)
]
± g2V g2A(MKF −MLF )(MKGT −MLGT )
[− 12m˜2eEν1Eν2 − 12m2νE˜e1E˜e2
+ 8Eν1Eν2(p˜e1 · p˜e2)− 4m2ν(p˜e1 · p˜e2)
]
± g2V g2A(MKF +MLF )(MKGT +MLGT )
[
12m˜2eEν1Eν2 + 12m
2
νE˜e1E˜e2
+ 8Eν1Eν2(p˜e1 · p˜e2) + 4m2ν(p˜e1 · p˜e2)
]
+ g4A(M
K
GT −MLGT )2
[
12Eν1Eν2E˜e1E˜e2 − 6m˜2eEν1Eν2 − 6m2νE˜e1E˜e2
+ 12m2νm˜
2
e + 8Eν1Eν2(p˜e1 · p˜e2)− 10m2ν(p˜e1 · p˜e2)
]
+ g4A(M
K
GT +M
L
GT )
2
[
12Eν1Eν2E˜e1E˜e2 + 6m˜
2
eEν1Eν2 + 6m
2
νE˜e1E˜e2
+ 12m2νm˜
2
e + 8Eν1Eν2(p˜e1 · p˜e2) + 10m2ν(p˜e1 · p˜e2)
]}
.
(A.21)
Here, the terms proportional to m2ν can be safely omitted for light active neutrinos with
mν . 0.1 eV. The dependence on the electron radial wave functions f1(Eei), g−1(Eei) is
contained in the terms
E˜i = Eei [g
2
−1(Eei) + f
2
1 (Eei)] ' EeiF0(Zf , Eei),
p˜ei = pei
2Eei
|pei |
f1(Eei)g−1(Eei) ' peiF0(Zf , Eei), (A.22)
m˜e = Ee[g
2
−1(Ee)− f 21 (Ee)] ' meF0(Zf , Eei).
In our numerical calculations we employ the above shown approximations using the rela-
tivistic Fermi function F0(Zf , Ee) for each electron of energy Eei and spatial momentum pei
of the form [27]
F0(Zf , Ee) =
(
2
Γ(1 + 2γ0)
)2
(2peR)
2(γ0−1)epiy|Γ(γ0 + iy)|2, (A.23)
with γ0 =
√
1− (Zfα)2 and y = αZfEe/pe where Zf = Z + 2 is the charge number of the
final nucleus, α denotes the fine structure constant, R is the nuclear radius and Γ(x) stands
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for the Gamma function. The results obtained using this approximation do not deviate from
the more accurate radial electron wave functions coming from the numerical solution of the
Dirac equation by more than ∼ 10− 15% [28].
Equation (A.21) can now be mapped to the coefficients A2ν and B2ν entering the differ-
ential decay rate Eq. (A.2) of the process. For the terms independent of the scalar product
of the spatial electron momenta this gives
A2ν = 4
{[
g4V (M
K
F −MLF )2 +
1
3
g4A(M
K
GT −MLGT )2
]
+
[
g4V (M
K
F +M
L
F )
2 +
1
3
g4A(M
K
GT +M
L
GT )
2
]}
× [g2−1(Ee1) + f 21 (Ee1)][g2−1(Ee2) + f 21 (Ee2)]
+ 2
{[
g4V (M
K
F −MLF )2 −
1
3
g4A(M
K
GT −MLGT )2
]
−
[
g4V (M
K
F +M
L
F )
2 − 1
3
g4A(M
K
GT +M
L
GT )
2
]
+ 2g2V g
2
A
[
(MKF −MLF )(MKGT −MLGT ) + (MKF +MLF )(MKGT +MLGT )
]}
× [g2−1(Ee1)− f 21 (Ee1)][g2−1(Ee2)− f 21 (Ee2)]. (A.24)
Here, the dependence on the electron radial wave functions has been made explicit. Likewise,
the terms proportional to pˆe1 · pˆe2 = cos θ combine to give
B2ν =
{
8
9
g4A
[
(MKGT −MLGT )2 + (MKGT +MLGT )2
]
− 8
3
g2V g
2
A
[
(MKF −MLF )(MKGT −MLGT ) + (MKF +MLF )(MKGT +MLGT )
]}
× 4f1(Ee1)f1(Ee2)g−1(Ee1)g−1(Ee2), (A.25)
The above results may be further simplified in well-motivated approximations.
Isospin Invariance: In the approximate case of isospin conservation one can set MKF =
MLF = 0 (i.e. the double Fermi nuclear matrix elements vanish). Equations (A.24) and
(A.25) then simplify to, respectively,
A2ν '
4
3
g4A
[
(MKGT +M
L
GT )
2 + (MKGT −MLGT )2
]
[g2−1(Ee1) + f
2
1 (Ee1)][g
2
−1(Ee2) + f
2
1 (Ee2)]
+
2
3
g4A
[
(MKGT +M
L
GT )
2 − (MKGT −MLGT )2
]
[g2−1(Ee1)− f 21 (Ee1)][g2−1(Ee2)− f 21 (Ee2)],
(A.26)
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and
B2ν '
8
9
g4A
[
(MKGT +M
L
GT )
2 + (MKGT −MLGT )2
]
4f1(Ee1)f1(Ee2)g−1(Ee1)g−1(Ee2). (A.27)
Neglecting lepton energies in NMEs: In the case that εK,L are neglected in the energy
denominators of NMEs, the nuclear and leptonic parts can be treated separately and the
result simplifies to
A2ν '
8
3
g4AMGT
{
3[f 21 (Ee1)f
2
1 (Ee2) + g
2
−1(Ee1)g
2
−1(Ee2)]
+ [f 21 (Ee1)g
2
−1(Ee2) + g
2
−1(Ee1)f
2
1 (Ee2)]
}
,
B2ν '
32
9
g4AMGT 4f1(Ee1)f1(Ee2)g−1(Ee1)g−1(Ee2), (A.28)
with the Gamow-Teller nuclear matrix element now given by
MGT = me
∑
n
〈0+f |
∑
m τ
+
mσm|1+n 〉〈1+n |
∑
m τ
+
mσm|0+i 〉
En − (Ei + Ef )/2 . (A.29)
Higher order corrections in lepton energies: A more accurate expression can be obtained
by Taylor expanding the nuclear matrix elements in the small parameters εK,L [11]. Taking
the series up to the fourth power in εK,L we get
A2ν '
16
3
g4A
[
(MGT−1)2 + (ε2K + ε
2
L)MGT−1MGT−3
+ (ε4K + ε
4
L)
(
MGT−1MGT−5 +
1
2
(MGT−3)2
)]
× [g2−1(Ee1) + f 21 (Ee1)][g2−1(Ee2) + f 21 (Ee2)]
+
8
3
g4A
[
(MGT−1)2 + (ε2K + ε
2
L)MGT−1MGT−3
+ ε2Kε
2
L(MGT−3)
2 + (ε4K + ε
4
L)MGT−1MGT−5
]
× [g2−1(Ee1)− f 21 (Ee1)][g2−1(Ee2)− f 21 (Ee2)] (A.30)
and
B2ν '
32
9
g4A
[
(MGT−1)2 + (ε2K + ε
2
L)MGT−1MGT−3
+ (ε4K + ε
4
L)
(
MGT−1MGT−5 +
1
2
(MGT−3)2
)]
× 4f1(Ee1)f1(Ee2)g−1(Ee1)g−1(Ee2). (A.31)
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Here, the introduced NMEs are defined as
MGT−1 = MGT , (A.32)
MGT−3 = m3e
∑
n
4MGT (n)
(En − (Ei + Ef )/2)3 , (A.33)
MGT−5 = m5e
∑
n
16MGT (n)
(En − (Ei + Ef )/2)5 . (A.34)
A.2 Standard Model contribution
The standard contribution to 2νββ decay can be calculated likewise in our formalism. It
arises from the first term in the Lagrangian in Eq. (1) of the main text, with the calculation
proceeding analogously, essentially replacing XR → 1 + LL and using V − A currents
throughout. The corresponding coefficients in Eq. (A.2) are
A2νSM =
{
1
4
[
g2V
(
MKF +M
L
F
)− g2A (MKGT +MLGT )]2
+
3
4
[
g2V
(
MKF −MLF
)
+
1
3
g2A
(
MKGT −MLGT
)]2}
× [g2−1(Ee1) + f 21 (Ee1)][g2−1(Ee2) + f 21 (Ee2)], (A.35)
and
B2νSM =
{
1
4
[
g2V
(
MKF +M
L
F
)− g2A (MKGT +MLGT )]2
− 1
4
[
g2V
(
MKF −MLF
)
+
1
3
g4A
(
MKGT −MLGT
)]2}
× 4f1(Ee1)f1(Ee2)g−1(Ee1)g−1(Ee2). (A.36)
These results match with the literature [11, 29].
A.3 Contribution from Standard Model – Exotic interference
Finally, the interference between the exotic and SM contributions enters the total 2νββ
rate; however, as mentioned, based on helicity considerations it is expected to be suppressed
by mν/Q and thus be negligible for the emission of light eV-scale neutrinos. For complete-
ness, we have calculated the corresponding term A2νSM to verify the overall suppression by
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the light neutrino mass,
A2νSM =
[
g2V
(
MKF +M
L
F
)− g2A (MKGT +MLGT )] [g2V (MKF −MLF )+ 3g2A (MKGT −MLGT )]
× mν (Eν2 − Eν1)
Eν1Eν2
[f 21 (Ee1)g
2
−1(Ee2)− f 21 (Ee2)g2−1(Ee1)]
− [g2V (MKF +MLF )− g2A (MKGT +MLGT )] [g2V (MKF +MLF )+ 3g2A (MKGT +MLGT )]
× mν (Eν1 + Eν2)
Eν1Eν2
[f 21 (Ee1)f
2
−1(Ee2)− g21(Ee1)g2−1(Ee2)]
+
[
g2V
(
MKF −MLF
)
+
1
3
g2A
(
MKGT −MLGT
)] [
3g2V
(
MKF +M
L
F
)
+ 9g2A
(
MKGT +M
L
GT
)]
× mν (Eν2 − Eν1)
Eν1Eν2
[f 21 (Ee1)g
2
−1(Ee2)− f 21 (Ee2)g2−1(Ee1)]
−
[
g2V
(
MKF −MLF
)
+
1
3
g2A
(
MKGT −MLGT
)] [
3g2V
(
MKF −MLF
)
+ 9g2A
(
MKGT −MLGT
)]
× mν (Eν1 + Eν2)
Eν1Eν2
[f 21 (Ee1)f
2
−1(Ee2)− g21(Ee1)g2−1(Ee2)]. (A.37)
Moreover, the coefficient B2νSM determining the angular correlation of the outgoing electrons
is in this case identically zero, B2νSM = 0. In our numerical analysis we safely ignore the
interference term.
A.4 Decay distributions and total rate
The fully differential decay rate with respect to the (in principle) observable electron
energies Ee1 , Ee2 and the angle θ between their momenta is given by Eq. (A.2). The
quantities A2ν and B2ν are calculated as discussed above, i.e. through Eqs. (A.35) and
(A.36) for the SM contribution and most importantly Eqs. (A.30) and (A.31) for the exotic
contribution quadratic in XR. In our numerical calculations we use the following physical
constants: Gβ = 1.1363 × 10−11 GeV−2, α = 1/137, me = 0.511 MeV, mp = 938 MeV,
R = 1.2A1/3 fm (nucleon number A = 100 for Molybdenum), Q(100Mo) = 3.03 MeV,
gV = 1. For the axial coupling we take the value gA = 1, as quenching of the usual value
gnucleonA = 1.269 for a free neutron is expected in the nucleus [30]. In addition, we use the
nuclear matrix elements for the 2νββ decay of 100Mo from Ref. [11] given in Tab. I.
We now have all the ingredients to calculate the various decay distributions and the total
decay rate potentially observable in double beta decay experiments.
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FIG. A.1. Normalized double energy distributions as functions of electron energies for SM 2νββ
decay (left) and for the exotic scenario incorporating a right-handed lepton current (right). Both
plots are for 100Mo and the energies are normalized to the Q value.
Electron energy total and single electron energy: The main observable in double beta
decay experiments is the distribution with respect to the total kinetic energy of the two
electrons, dΓ2ν/dEK , EK = Ee1 + Ee2 − 2me. In experiments where the individual elec-
trons can be tracked and their energies measured individually, the single electron energy
distribution dΓ2ν/dEe1 (by symmetry, the distribution with respect to the second electron
is identical) and the double differential distribution dΓ2ν/(dEe1dEe2) are relevant as well.
Isotope M2νGT−1 M
2ν
GT−3 M
2ν
GT−5
76Ge 0.111 0.0133 0.00263
82Se 0.0795 0.0129 0.00355
100Mo 0.184 0.0876 0.0322
136Xe 0.0170 0.00526 0.00169
TABLE I. Nuclear matrix elements used in our analysis (see Eqs. (A.32) to (A.34)), calculated
within the pn-QRPA with partial isospin restoration [11].
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FIG. A.2. Angular correlation κ2ν as a function of the electron kinetic energies for SM 2νββ decay
(left) and for the exotic scenario incorporating a right-handed lepton current (right). Both plots
are for 100Mo and the energies are normalized to the Q value.
These distributions are calculated from Eq. (A.2) as
dΓ2ν
dEe1dEe2
=
∫ 1
−1
d cos θ
dΓ2ν
dE1dE2d cos θ
,
dΓ2ν
dEe1
=
∫ Q+2me−Ee1
me
dEe2
dΓ2ν
dEe1dEe2
dΓ2ν
dEK
=
∫ Q+me
me
dEe1dEe2δ(EK − Ee1 − Ee2 + 2me)
dΓ2ν
dEe1dEe2
, (A.38)
The former is plotted in Fig. A.1 and the latter two in Fig. 2 of the main text, for both the
SM and the exotic contribution in 100Mo. The total kinetic energy and single electron energy
distributions for other isotopes, namely for 76Ge, 82Se and 136Xe, are depicted in Fig. A.3.
In all the figures, the distributions are plotted with respect to the kinetic energies Eei −me
rather than the total energies Eei .
Energy dependent angular correlation: One of the key consequences of right-handed
lepton currents is the modification of the angular correlation between the electrons. In full
generality, this is encoded in the energy-dependent angular correlation κ2ν(Ee1 , Ee2) defined
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FIG. A.3. Left: Normalized 2νββ total electron kinetic energy decay distributions for SM 2νββ
(dashed) and the right-handed lepton current case (solid), for the isotopes 76Ge, 82Se and 136Xe
(top to bottom). Right: Likewise, the normalized single electron energy 2νββ decay distributions.
The bottom panels show the relative deviation of the exotic distribution from the SM case.
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FIG. A.4. Angular correlation factor K2ν for 100Mo as a function of the the new-physics coupling
XR.
by
κ2ν(Ee1 , Ee2) =
B2ν
A2ν
pe1pe2
Ee1Ee2
=
B2νSM + 2LRB
2ν
SM + 
2
LRB
2ν

A2νSM + 2LRA
2ν
SM + 
2
LRA
2ν

pe1pe2
Ee1Ee2
, (A.39)
with A2νSM, A
2ν
SM, A
2ν
 , B
2ν
SM, B
2ν
SM, B
2ν
 given by Eq. (A.4) applied on the SM, exotic-SM
interference and exotic contributions. The resulting angular correlation is plotted in Fig. A.2
for both the SM contribution and the exotic contribution. The correlation κ2ν is negative
for all energies in the SM case, thus indicating that the electrons are preferably emitted
back-to-back. On the contrary, the correlation is positive for the exotic scenario meaning
that the electrons prefer to escape from the nucleus in the same direction.
Angular correlation factor and total decay rate: One can further proceed and integrate
over the electron energies which yields the general form
dΓ2ν
d cos θ
=
Γ2ν
2
(
1−K2ν cos θ) , (A.40)
where Γ2ν is the total 2νββ decay rate and K2ν = Λ2ν/Γ2ν is the angular correlation factor,
both given byΓ2ν
Λ2ν
 = c2ν
m11e
∫ Ei−Ef−me
me
dEe1pe1Ee1
∫ Ei−Ef−Ee1
me
dEe2pe2Ee2
A2ν
B2ν
 . (A.41)
In the case of 100Mo, the total 2νββ decay rate may be approximately expressed as
Γ2νMo ≈ Γ2νSM(1 + 6.11 2XR), (A.42)
25
where Γ2νSM is the total SM 2νββ decay rate of
100Mo. The approximated total rates for 76Ge,
82Se, 136Xe are then given by similar expressions,
Γ2νGe ≈ Γ2νSM(1 + 6.38 2XR), (A.43)
Γ2νSe ≈ Γ2νSM(1 + 6.07 2XR), (A.44)
Γ2νXe ≈ Γ2νSM(1 + 6.26 2XR). (A.45)
Here, Γ2νSM are again the SM 2νββ decay rates of the respective isotope.
The angular correlation factor for the SM contribution in 100Mo is K2νSM = −0.63 and for
the exotic contribution it is K2ν = +0.37. In general, K
2ν as a function of XR for
100Mo is
plotted in Fig. A.4. This clearly shows that admixtures of the SM and exotic contributions
interpolate between the SM case (XR = 0) and a dominant exotic case (XR >> 1). For
the physically relevant case where XR  1, the factor is well approximated by
K2νMo ≈ −0.63 + 6.08 2XR. (A.46)
The analogous equations for 76Ge, 82Se, 136Xe read
K2νGe ≈ −0.53 + 5.25 2XR, (A.47)
K2νSe ≈ −0.64 + 6.20 2XR, (A.48)
K2νXe ≈ −0.57 + 5.55 2XR, (A.49)
respectively. As apparent, the dependence of the correlation factor on a small exotic coupling
XR is similar for different isotopes.
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